Transfer experiments in solution culture were conducted to establish the stage of nodulation in lupins (Lupinus angustifolius L. cv. Yandee) most sensitive to iron deficiency. In all experiments, iron deficiency had a much greater effect on nodule number than on host plant growth. Furthermore, supplying 5 ,am iron to the lower part of a root did not permit nodulation on the upper part of the root receiving 0 05 atm iron. Low concentration of iron in the cortex of roots may limit nodule formation.
INTRODUCTION
In lupins, iron appears to be required in greater amounts for nodule formation than for host plant growth (Tang, Robson & Dilworth, 1990a ) and the effect of iron on nodule formation is direct (Tang, Robson & Dilworth, 1990b) . Iron deficiency markedly depressed the number of nodule initials and thereafter the number of visible nodules. Nodule initiation seems to be more sensitive than subsequent nodule development to iron deficiency. For ironsufficient plants, appearance of nodule initials commenced on day 5 after inoculation and was completed within a further 3 d (Tang et al., 1990b) . The impairment of nodulation by iron deficiency in lupins must therefore occur at an early stage of nodule initiation.
In a horizontal split-root experiment, Tang et al. (1990b) found that nodule initials and nodules were formed only on that half of the root system exposed to a high concentration of iron. Iron was not translocated from the half of the root supplied with a high concentration of iron to the other half of the root, receiving a low concentration of iron. In addition, iron applied to leaves as foliar sprays was not translocated to the roots and nodules were not produced (Tang et al., 1990b) . These results did not specify whether iron within the roots or in the external solution is required for nodule formation.
The aim of the work described here was to examine whether nodule initiation might be restricted by inadequate numbers of bradyrhizobia or uninfective forms resulting from a low concentration of iron in the plant growth medium or, alternatively, whether the iron status of the plant root at inoculation might limit nodule initiation. In addition, we report the effects of imposing a chosen level of iron at particular times during the nodulation process on the number and position of the subsequent nodules. Finally, we examine the hypothesis that the effect of iron on nodule formation is external, using a technique where upper and lower segments of a root system were supplied with different concentrations of iron.
MATERIALS AND METHODS

Transfer experiments
All experiments were conducted in a glasshouse, in solution culture with roots maintained at 20-22?C.
Uniform-sized seeds of Lupinus angustifolius L. cv.
Yandee were germinated on a stainless-steel screen sitting over an aerated solution of 600 /tM CaCl2 and 2 /tM H3B03 for 4-7 d. Seedlings were then transplanted to 5 1 pots containing continuously aerated nutrient solution. The composition of the basal nutrient solution was as previously described (Tang et al., 1990a) . Iron was applied as the ferric monosodium salt of ethylenediamine tetraacetic acid (Fe"..NaEDTA) at concentrations of 0-05 /tM (in- treatments were imposed at transplanting: 5 /tM iron (as Fe"'NaEDTA) for an adequate level and 0 05 tim iron for a deficient level. A dense suspension of Bradyrhizobium WU425 (Tang et al., 1990a ) was added to the upper compartment of the system at a density of 3 x 105 cells ml-', providing the four treatments (Table 1) , each of which had five replicates. Number of nodule initials and nodules was analysed as log1o and data in each column with a common letter are n significantly different at P = 0 05.
taproots, lateral roots and nodules. All plant tissues were oven-dried at 68 'C.
Total iron concentration in tissues were measured using atomic absorption spectrophotometry after digesting plant materials in a 4:1 mixture (by volume) of concentrated nitric and perchloric acids (Johnson & Ulrich, 1959) .
RESULTS
Genzeral effects of irona-deficienacy
In all transfer experiments, plants grown in solution containing 0 05 /tm iron showed foliar symptoms of iron deficiency about 2 wk after germination. The symptoms of iron deficiency were delayed for 3-6 d in the case of plants transferred from 2 5 /tm iron to 0 05 /pM (treatments described in Tables 2, 3 I I___1 2b lb 4b 1 47a 203a 1i51a 223ab 3b 2b 4b 1 54a 1 77a 1 63a 214b 2b 2b 5b 1 57a 1 74a 1 58a 200b 17a 12a 26a 1 54a 1 70a 1i55a 225ab 21a 20a 45a 1 59a 208a 1 53a 2 80a 21a 26a 38a 1 71a 1 95a 1 79a 255a
The horizontal scale is time in days. Symbols on the horizontal scale are: 3, the period of inoculation with
Bradvrhizobiumi; E, 0 05 /tM iron in solution; M, 2 5 aM iron in solution; , addition of Bradyrhizob Number of nodule initials and nodules was analysed as log1o, and data with a common letter are not different at P = 005. The horizontal scale is time in days. Symbols on the horizontal scale are: 3, the period of inoculation with Bradyrhizobium; D, 0 05 uivm iron in solution; M, 2 5 /tm iron in solution: , addition of Bradyrhizobium to 0, the time of nodule appearance.
* Nodule position refers to the distance between hypocotyl of roots and the site of earliest nodules formed on the roots;
Data were the average of 10 plants.
na, not applicable since plants in these two treatments almost completely failed to nodulate.
Nodule number (day 15 after inoculation) was analysed as log10. Values in each column followed the same letter are not different at P = 0 05. days 10 and 13, respectively. However, lupins failed to nodulate if they received 0 05 /tM iron throughout (Table 1) .
Treatment of plants with iron prior to inoculation
Plants continuously given 2 5 /tM iron, and plants given 0o05 /tm iron before but 2 5 /tM iron after inoculation, produced a similar number of nodule initials and nodules. These numbers were much greater than those on plants either receiving 0 05 aM iron continuously or receiving 2 5 /tM iron before but 0 05 aim iron after inoculation. Plants receiving 2 5 /tM iron before but 0 05 /aM iron after inoculation had slightly more nodules than those continuously receiving 0 05 tim iron (Table 2) . However, on plants given 0 05 /tM iron after 2 5 /aM iron, nodules were distributed in a very narrow region of the taproot, with 90o% of nodules within 4 cm of the topmost nodule, while plants receiving 2 5 /aM iron after inoculation had 50 0 of their nodules more than 4 cm below the topmost nodule. (Table 4) .
Short exposures to adequate iron
Where plants were given 2 5 /tM iron only for 1 d rather than continuously, nodule appearance was delayed and nodule formation was almost prevented.
An exception to this behaviour was seen in plants exposed to 2 5 /am iron for 24 h on day 4 after inoculation. In these plants nodule appearance was not delayed and they induced more nodules than plants receiving 2 5 am iron on any other single day.
However, the number of nodules was still less than that on plants receiving a continuous supply of 2 5 aM iron (Table 5) .
Iron supply to different parts of the split-root system Slight chlorosis of young leaves was observed in plants receiving 0 05 /rm iron in both compartments on day 6 after treatments had been imposed. In these plants, this symptom persisted throughout the experiment, but did not appear for any other treatment. The fresh weights of shoots and roots, the number of lateral roots and the lengths of taproots were unaffected by the iron treatments (Table 6 ). Table 7) .
The concentrations of iron in the cortex of taproots, lateral roots or whole roots of the upper part exposed to 5 /tM iron were more than twice as high as those in the same tissues exposed to 0 05 /tM (Table 7) .
DISCUSSION
The nodulation process of L. angustifolius is apparently most sensitive to iron deficiency 4 d after inoculation with Bradyrhizobium, just before nodule initials are beginning to be formed (Tang et al., 1990b) . It is possible therefore that impairment of nodulation by iron deficiency is due either to a Table 4 ).
In the vertical split-root system, nodules were produced only on that part of the root where adequate iron was present, regardless of whether or not the other part of the root or the shoot received sufficient iron. The results are in agreement with the finding that the limitation of nodulation in lupins by iron deficiency is independent of iron status in the shoot or growth of the host (Tang et al., 1990b) .
Using the vertical split-root technique, we expected that iron would be translocated from the lower part of the root exposed to a high concentration of iron to the upper part of the root exposed to a low concentration of iron, and high concentrations of iron in the upper part of the root would be obtained.
However, our study showed that the concentration of iron in the upper part of the root given a low concentration of iron in solution only slightly increased when the lower part of the root was given a high concentration of iron. This increased iron in the upper part of the root is insufficient for successful nodule formation (Tang et al., 1990a) . It cannot therefore categorically be concluded that the effect of iron on nodule formation in lupins is external. In a horizontal split-root experiment, Tang et al. (1990b) found that iron was not translocated from the ironadequate half of the root to the iron-inadequate half and that nodules were only formed on that half of the root of lupins where adequate iron was applied.
Foliar application of iron did not increase the concentration or content of iron in the roots (Tang et al., 1990b) . However, in corn plants, a pronounced translocation of iron towards root tips occurs in the phloem (Kashirad, Marschner & Richter, 1973) , and foliar-applied iron is also translocated to roots in peanut (O'Hara et al., 1988) and other plants (Brown, Yamaguchli & Leal-Diaz, 1965) . The mobility of iron in phloem may vary with plant species. One way to study the effects of internal iron on nodulation in lupins may be to use seeds with different iron concentrations.
The process of nodulation in many legumes includes the curling of root hairs and the formation of infection threads through root hairs. However, in lupin plants these phenomena have not yet been observed (Dart, 1977; Quispel, 1983) , and the process of lupin nodulation remains unclear. How iron deficiency interferes with events of the sensitive stage is therefore not understood.
